Figure 1. PI4KII␣ Golgi Association and Effects of PI4KII␣ Overexpression
(A) Brief BFA treatment had no effect on PI4KII␣ Golgi association. CV1 cells were incubated with BFA (5 g/ml) at 37ЊC for the intervals indicated. They were fixed, permeabilized, and double stained with anti-␤-COP and anti-PI4KII␣. (B) PI4KII␣ overexpression increased PI(4)P synthesis. COS7 cells were infected with adenovirus expressing GFP, wild-type PI4KII␣, or kinasedead PI4KII␣K151A. Cells were labeled with 32 P for 4 hr, and lipids were extracted and analyzed by TLC. The identity of PI(4)P and PIP2 was established by comigration with bona fide lipid standards. Figure 1D ). Direct 1B) but did not increase PIP2 synthesis. Thus, the supply of PI(4)P is not rate limiting for overall PIP2 synthesis counting showed that 27% of cells overexpressing wildtype PI4KII␣ had no perinuclear Golgi, compared with under these conditions. PI4KII␣ containing a mutation in its putative ATP binding site K151A (Barylko et al., 2% and 5% in control and PI4KII␣K151A transfected cells, respectively ( Figure 1D ). Since the actin cytoskele-2002) had minimal effect on 32 P-PI(4)P or PIP2 accumulation at the whole cell level, confirming that it is kinase ton and microtubules were not obviously affected (data not shown), Golgi disruption was not simply due to cydead. However, it does not act as a dominant negative inhibitor. toskeletal perturbations. A more likely possibility is that too much PI(4)P scatters the Golgi, perhaps by upsetting At low-level overexpression, PI4KII␣ was found predominantly in the Golgi and colocalized with cyan fluothe balance in membrane trafficking that normally maintains Golgi integrity. rescent protein that was targeted to the Golgi via the ␤-1,4 galactosyltransferase (CFP-␤GT) targeting motif ( Figure 1C ). In addition, some PI4KII␣ was found in vesic- ern blotting showed that PI4KII␣ protein expression was PI4KII␣ RNAi Inhibits Phosphoinositide Synthesis and Selectively Decreases Golgi PI(4)P reduced to 76% of control level at 72 hr after exposure to siRNA (small interfering RNA) (Figure 2A ). The decrease PI4KII␣ siRNA profoundly inhibited 32 P incorporation into PI(4)P and PIP2 (to 48.9 Ϯ 6.3% and 58.9 Ϯ 14.4% was specific for PI4KII␣; PI4KIII␤, PI4KII␤, human type I phosphatidylinositol phosphate 5 kinase ␣ (PIP5KI␣), of control, respectively [n ϭ 5]) ( Figure 2B ). PI4KII␣ is therefore a major PI4K and a significant contributor to and actin levels were not significantly changed.
Immunofluorescence staining confirmed that approxioverall PI(4)P and PIP2 synthesis. We used anti-PI(4)P and a GFP-PH reporter to visualmately 80% of PI4KII␣ siRNA-treated cells had no or reduced PI4KII␣ staining ( Figure 2C ). Nevertheless, most ize PI(4)P pools in cells. We avoided using detergents in order to maximize the preservation of membrane lipids. of these cells had perinuclear TGN46 staining, at intensities that were comparable to that of control cells (Table  Cells were fixed with formaldehyde and then subjected to one controlled freeze-thaw cycle in the presence of 1). Therefore, PI4KII␣ RNAi did not disrupt the Golgi under these conditions. The TGN46 staining pattern was 1 M sucrose (Tran et al., 1999) . In control cells, PI(4)P immunofluorescence was enriched in the Golgi and in however altered in appearance. Its mean area increased by 3.1-fold (n ϭ 10) and staining was more punctate a band of cytoplasm surrounding the nucleus ( Figure  2C ). The Golgi PI(4)P fluorescence accounts for 46.5% of and/or tubular compared with control cells. The majority of cells with decreased PI4KII␣ expression exhibited the total PI(4)P (Table 1) . Surprisingly, the plasma membrane had very little anti-PI(4)P staining ( Figure 2C ). PI4KII␣ expanded Golgi phenotype. (Figure 4) , establishing that it has a different the Golgi after RNAi. This is likely to underestimate, because we did not take into account the PI(4)P delipid specificity than the plasma membrane-associated AP-2 adaptor protein (Gaidarov and Keen, 1999; Rhode crease in other regions of the cell.
The decrease in Golgi PI(4)P was confirmed by using et al., 2002). AP-1's preference for less highly charged phosphoinositides (such as PI4P instead of PIP2) was OSBP-PH as a PI (4) (Table 1) . decrease may be secondary to the loss of Golgi memCarrier alone or lipid without carrier had no effect, estabbranes. Additional studies will be required to determine lishing that PI ( with Golgi AP-1 (Table 1 ). The basis for this was not In addition, mannose 6 phosphate receptors (MPR300) explored further, but it is clear that PIP2 does not proare scattered throughout the cytoplasm, instead of clusmote AP-1 recruitment. tering normally around the TGN ( Figure 3B ). This recapitIn a second series of experiments, we studied AP-1 ulates the MPR mislocalization phenotype observed in recruitment in semi-intact cells. As expected, cytosolic 1 Ϫ/Ϫ fibroblasts that do not have functional AP-1 com-␥-adaptin was recruited to the Golgi of control cells, plexes (Meyer et al., 2000 . resulting in a 2.5-fold increase in ␥-adaptin intensity ( Figure 5B , Table 2 ). In contrast, the Golgi of PI4KII␣ RNAi cells, which had less Golgi ␥-adaptin staining ini-AP-1 Directly Binds PI(4)P PI4KII␣ synthesizes PI(4)P, and PI(4)P is the immediate tially, were still not able to recruit AP-1 from the normal control cytosol (Table 2) . These results showed that the precursor of PIP2. Therefore, the decrease in Golgi AP-1 after PI4KII␣ RNAi is likely to be a direct consequence primary defect is inherent in the PI4KII␣ RNAi Golgi and not due to depletion of a cytosolic recruiting factor by of the loss of either Golgi PI(4)P or PIP2. We used a number of approaches to determine whether PI(4)P or RNAi. This defect was overcome by adding exogenous PI(4)P, resulting in a 2.3-fold increase in bound ␥-adaptin PIP2 is the regulator of AP-1 Golgi recruitment.
As a first step, we examined the possibility that AP-1 ( Figure 5B , Table 2 ). PIP2 again had no effect. Therefore, defective AP-1 binding is due to a lack of Golgi PI(4)P directly binds phosphoinositides. Using a solid phase lipid binding assay, we found that purified AP-1 binds but not PIP2. In the third series of experiments, we examined the PI(4)P slightly better than PI(5)P, and significantly less well to PI(3,5)P2. Since there is much less PI(5)P than impact of reducing PI(4)P accessibility on AP-1 recruitment to normal membranes. Anti-PI(4)P pretreatment PI(4)P in cells (49 times less according to one estimate [Rameh et al., 1997] ), and PI(4)P is most concentrated of microsome membranes blocked AP-1 binding, while anti-PIP2 and anti-talin (used as a control here) did not in the Golgi (Figure 2C ), PI(4)P is likely to be the primary lipid for AP-1 recruitment.
( Figure 5C ). Thus, anti-PI(4)P selectively inhibits AP-1 recruitment, establishing that PI(4)P is critically imporcomes glycosylated in the early Golgi and the increase in accessibility of HA to extracellular trypsin after insertion tant and that it acts independently of PIP2.
into the plasma membrane. We found that PI4KII␣ RNAi had little effect on intra-Golgi trafficking ( Figure 6A ), but PI4KII␣ Regulates Late Secretory Functions it inhibited TGN-to-PM export by 35% ( Figure 6B ). in a PIP2-Dependent Manner VSVG secretion from the TGN was followed by fluoresSince PI4KII␣ RNAi has such a dramatic effect on AP-1 cence microscopy. When TGN export is blocked by incoat recruitment, we wanted to determine if it alters cubating cells at 19ЊC, VSVG accumulates at the Golgi Golgi functions that are not dependent on AP-1 as well.
( Figure 7A ). When the temperature is shifted to 32ЊC, To this end, we examined the effect of PI4KII␣ RNAi on VSVG moves out of the TGN, as evidenced by the deconstitutive secretion of HA (influenza virus hemaglutincrease in perinuclear VSVG fluorescence in control cells. nin protein) and VSVG (vesicular stomatitis virus G proIn PI4KII␣ RNAi cells, VSVG export was delayed and tein). HA secretion was followed by conventional biooccurred at a slower rate (Figures 6C and 7A) . For examchemical transport assays (Lin et al., 1998 ) that measure the rate of acquisition of endo H resistance as HA beple, 40 min after shifting from 19ЊC to 32ЊC, the TGN of 2002). We therefore favor the second possibility that PI4KII␣ and Arf1 generate two independent signals; each is necessary, but individually insufficient, for stable PI(4)P-Dependent AP-1 Recruitment to the Golgi PI4KII␣ RNAi decreased the amount of Golgi PI(4)P. It AP-1 association with Golgi membranes. The proposed two-component docking mechanism also decreased the association of AP-1 with the Golgi, while PI4KII␤ or PI4KIII␤ RNAi did not. Therefore, PI4KII␣ (PI4KII␣-generated docking lipids and Arf-generated docking proteins) is similar to those used to anchor has a unique role in the Golgi.
We used a variety of methods to establish that PI(4)P many low affinity phosphoinositide binding modules tightly to membranes (Yin and Janmey, 2003; McLaughis required for AP-1 recruitment in vivo. We find that shuttling PI(4)P into live cells or adding PI(4)P to semilin et al., 2002). In most cases, the initial docking mediated by the phosphoinositides increases the probability intact PI4KII␣ RNAi cells restores AP-1 recruitment. Furthermore, blocking access to PI(4)P by anti-PI(4)P deof binding to the truly specific binding site elsewhere in the protein and the membrane. The situation for AP-1 creases AP-1 recruitment to normal membranes. Our results establish the following: (1) there is a cause-andis likely to be considerably more complex, because AP-1 binds many other ligands, and these combinatorial and effect relation between the change in Golgi PI(4)P and AP-1; (2) the interaction of AP-1 with the Golgi is absocooperative binding events may be necessary to anchor AP-1 firmly to the Golgi. It is particularly intriguing that lutely dependent on PI(4)P; (3) PIP2, which is so important for plasma membrane recruitment of AP-2, is not epsinR, an AP-1 accessory protein that is recruited to the Golgi by Arf1, also binds PI ( The concept of lipid-defined organelle identity origiever, in spite of these differences, the important point nated from the finding that endosomes are enriched in is that PI(4)P has a direct role in some aspects of Golgi PI(3)P (Gillooly et al., 2000), and gained momentum when functions in both yeast and mammalian cells that is not contingent on the subsequent generation of PIP2.
it was discovered that the plasma membrane is particu- 
